Histone-fold proteins typically assemble in multiprotein complexes to bind duplex DNA. However, one histone-fold complex, MHF, associates with Fanconi anemia (FA) protein FANCM to form a branched DNA remodeling complex that senses and repairs stalled replication forks and activates FA DNA damage response network. How the FANCM-MHF complex recognizes branched DNA is unclear. Here, we solved the crystal structure of MHF and its complex with the MHF-interaction domain (referred to as MID) of FANCM, and performed structure-guided mutagenesis. We found that the MID-MHF complex consists of one histone H3-H4-like MHF heterotetramer wrapped by a single polypeptide of MID. We identified a zinc atom-liganding structure at the central interface between MID and MHF that is critical for stabilization of the complex. Notably, the DNA-binding surface of MHF was altered by MID in both electrostatic charges and allosteric conformation. This leads to a switch in the DNA-binding preference -from duplex DNA by MHF alone, to branched DNA by the MID-MHF complex. Mutations that disrupt either the composite DNA-binding surface or the protein-protein interface of the MID-MHF complex impaired activation of the FA network and genome stability. Our data provide the structural basis of how FANCM and MHF work together to recognize branched DNA, and suggest a novel mechanism by which histone-fold complexes can be remodeled by their partners to bind special DNA structures generated during DNA metabolism. Keywords: FANCM; Fanconi anemia; MHF; histone-fold; genome stability; branched DNA Cell Research (2014) 
Introduction
Fanconi anemia (FA) is a rare genetic syndrome featuring genomic instability, bone marrow failure and cancer predisposition [1] [2] [3] . The hallmark of FA cells is hypersensitivity to drugs that induce DNA interstrand crosslinks (ICLs), which block DNA replication and require resolution prior to genome duplication. FA is caused by mutations in any of 16 different FANC genes (FANCA to FANCQ) [4, 5] . The products of these genes act in the FA DNA damage response network, called FA network, which functions to repair ICLs and restore blocked replication forks [1] [2] [3] .
FANCM is a crucial FANC protein [6, 7] and plays several roles in the FA network. For example, FANCM catalyzes ATP-dependent remodeling of branched DNA structures produced during replication and repair, including replication forks and Holliday junctions (HJs) [8] [9] [10] [11] . This remodeling activity is required for FANCM to recover stalled replication forks [12] [13] [14] [15] , promote cellular resistance to ICLs [10, 16, 17] , and suppress sister chromatid exchanges (SCEs) [18] . In addition, FANCM preferentially binds replication forks and HJs through its helicase domain [9, 10] . This ATP-independent binding activity is required for FANCM to recruit the FA core complex to chromatin, enabling the ubiquitin ligase subunit of the complex (FANCL) to monoubiquitinate FANCD2 and FANCI [10] . Both activities of FANCM are stimulated by its interacting partner, MHF, which consists of a heterodimer of histone-fold proteins, MHF1 and MHF2 [14, 19] . FANCM and MHF form a complex, FANCM-MHF, which is conserved from yeast to human and is essential for genome protection in both species [14] . Only a small fraction of FANCM-MHF associates with and recruits the FA core complex to chromatin, leading to monoubiquitination of FANCD2 and FANCI [14] .
Structural studies have shown that the MHF complex is a heterotetramer that comprises two MHF1-MHF2 heterodimers, and is structurally similar to histone H3-H4 heterotetramer [20] [21] [22] . Like nucleosomes and other histone-fold complexes, MHF preferentially binds doublestrand DNA (dsDNA) [14] . In fact, MHF1 and MHF2 have been identified as the centromeric proteins CENP-S and CENP-X, respectively, both of which promote kinetochore assembly [23] [24] [25] . In this case, they associate with another histone-fold heterodimer, CENP-T/CENP-W, to form a mixed histone-fold heterotetramer, CENP-T-W-S-X, which binds and supercoils dsDNA in a manner similar to nucleosomes [20] . It is not surprising that MHF mediates the dsDNA binding of the CENP-T-W-S-X complex because its preferred substrate is dsDNA. To explain how MHF facilitates the binding and remodeling of branched DNA by FANCM, we proposed previously that the two proteins cooperatively bind distinct parts of a branched DNA molecule: FANCM at the branch point, and MHF at the surrounding duplex regions [14] .
An earlier study has reported crystal structure of a complex between the MHF-interacting domain of FANCM (residues 661-800; abbreviated as MID) and MHF at 2.64 Å resolution. This study revealed a pentameric structure containing one MID polypeptide interacting with the MHF1-MHF2 heterotetramer, and identified a novel composite DNA-binding surface [22] . However, the relevance of these structures to the function of FANCM-MHF in the FA network and genome stability has not been addressed. Here, we describe higher resolution crystal structures of both MHF and MID-MHF complexes, which were solved to 2.1 Å and 2.0 Å resolution, respectively. We identified a novel zinc atom-liganding structure required for stabilizing the FANCM-MHF complex. Importantly, we observed asymmetric remodeling of the DNA-binding surface of MHF by MID, which leads to a switch in the DNA-binding preference: from dsDNA by MHF to branched DNA by MID-MHF complex. We demonstrated that both the composite DNAbinding surface and the protein-protein interface of the FANCM-MHF complex are important for activation of the FA network and protection of genome stability.
Results

Identification of a zinc atom-liganding structure at the central interface of the MID-MHF pentamer
To understand the mechanism of action of the MID-MHF complex, we solved the crystal structures of the MHF and MID-MHF complexes ( Figure 1A , Supplementary information, Figure S1A -S1D and Table S1 ). Consistent with previous structural studies [20] [21] [22] , MHF is a histone-fold heterotetramer containing two MHF1-MHF2 heterodimers, similar to that of the histone H3-H4 heterotetramer (Supplementary information, Figure S1D ); and the MID-MHF complex is a pentamer composed of a single MID polypeptide (residues 676-791) that wraps in a circuitous fashion around the MHF tetramer ( Figure 1A ). Interestingly, a single metal atom liganding site was observed at the interface between the C-terminus of MHF2 (chain-D) and MID (L4-α3-helix), with each protein contributing half of the total bidentatebinding motif with tetrahedral coordination geometry ( Figure 1B ). The metal atom was subsequently identified by atomic absorption spectroscopy as a single zinc atom present in only MID-MHF complex, but not in MHF alone ( Figure 1C ).
It should be noted that atomic absorption spectroscopy cannot rule out the possibility that other metal ions might substitute Zn 2+ at this site. However, we favor the notion that this metal ion is Zn 2+ because: (1) Zn 2+ is much more prevalent than other metal ions with two positive charges in stabilizing structures of protein and protein complexes; (2) the observed crystal structure of the metal ion with its coordinating residues is consistent with tetrahedral coordination geometry for the structural Zn 2+ ion; and (3) mutations of two commonly used Zn coordination residues, Cys and His, disrupt MID-MHF association and function (see below).
It should also be mentioned that Tao et al. [22] have reported a similar pentameric structure and hydrophobic interface for the MID-MHF complex. However, the earlier structure has lower resolution than the structure presented here (2.64 Å vs 2.0 Å), and it is missing the structural zinc atom and its liganding residues that mediate critical interactions between MID and MHF (see below). Moreover, the functional relevance of the observed protein interfaces was not addressed.
The zinc atom-liganding structure and hydrophobic interfaces within the central motifs of MID are essential for stabilization of the MID-MHF pentamer
We selectively mutated the most conserved residues in the MID-MHF pentamer (Supplementary information,  Figures S2, S3 and Table S2 ), which likely play essen- tial roles in stabilizing the complex. A majority of such residues in MID are located in its central motifs from L3 to α3 (Supplementary information, Figure S3 ), including those that transit between α3 helices of MHF2 ( Figure  1A) . Notably, the strictly conserved residues within this region are either hydrophobic (including L733, V749, F758 and M762) or involved in Zn coordination (H751), with none being hydrophilic (Supplementary information, Figure S3 ). This implies that the interactions mediated by hydrophobic and Zn coordinating residues are likely to be more critical for MID-MHF assembly than those through hydrophilic ones.
To investigate this prediction, we made three groups of point mutants. The first group has mutated residues H751 and C755, which coordinate the zinc atom along with MHF2 Q76 carbonyl oxygen and D80 side-chain of the α3 D-chain ( Figure 1B) . The second group includes residues that engage in hydrophobic interactions with MHF, such as V749 single and F758/M762 double mutant (Figure 2A and 2B). The third group has a mutated residue R754, which is the most conserved hydrophilic residue within this region (with only one variation to Leu) (Supplementary information, Figures S3 and S4A) . Only the first two groups of mutants, but not the third, co-immunoprecipitated with reduced levels of MHF1 and MHF2 ( Figure 2C and 2D). The data are consistent with the evolution-based prediction that interactions through Zn coordinating and hydrophobic residues, but not hydrophilic residues, are critical for normal FANCM-MHF complex assembly. We also made the V749/H751 double mutant to disrupt both hydrophobic and Zn-mediated interactions. Whereas each single mutant still had residual association with MHF ( Figure 2C ), the double mutant was completely deficient ( Figure 2D ). These data further support the notion that normal FANCM-MHF complex assembly requires both Zn coordination and hydrophobic interactions mediated by the central motifs of MID.
We further analyzed the association between MID variants and MHF by Superose 6 gel-filtration chromatography using whole-cell lysates of HEK293 cells transfected with several Flag-MID variants, one with normal (L733G) and two with defective association (V749G/H751G and F758A/M762A) based on coimmunoprecipitation assays. All variants fractionated with profiles similar to that of the wild-type protein, with peak fractions near 34, which roughly corresponds to the calculated molecular weight of Flag-MID-MHF complex (about 70 KDa) (Supplementary information, Figure  S5 ). No variants fractionated with peaks corresponding to the calculated molecular weight of Flag-MID alone (about 17 KDa), which is likely due to instability of MID without its partners (recombinant MID in Escherichia coli was also unstable without co-expression of MHF1 and MHF2; data not shown). These data suggest that all MID variants can fold normally and form complexes with MHF in the extracts. However, the conformation of MID-MHF complexes formed by V749G/H751 and F758A/M762A could be somewhat different from that of the wild type, because their peak fractions were slightly shifted (from 32-34 in wild type to 34 in mutants). In addition, V749G/H751G and its associated MHF1 also fractionated with an extra peak (fraction 28), which was not observed in the wild-type complex and could therefore represent an aberrant complex. Combined with coimmunoprecipitation results, these data suggest that V749G/H751 and F758A/M762A can form complexes with MHF in crude extracts, but these complexes are unstable and cannot withstand the washing conditions of co-immunoprecipitation assays.
In addition to studies of the central motifs, we also mutated several residues in the peripheral motifs of MID that wrap around MHF and engage in both hydrophobic and polar interactions (L680/W688 and L785/D789; Supplementary information, Figure S4B and S4C). None of these mutations significantly affected the association between Flag-tagged MID and MHF ( Figure 2D ), arguing that interactions through the peripheral motifs of MID are less important compared to those through the central motifs.
The Zn coordination structure is required by FANCM to promote normal activation of the FA network and suppress SCE
To study the functional relevance of the newly identified Zn coordination structure, we examined whether FANCM variants carrying mutations in Zn liganding residues, H751G and C755G, are defective in activation of the FA network and suppression of SCEs, using FANCMknockout DT40 cells as described previously [7, 14] . Consistent with previous data, FANCM −/− DT40 cells displayed reduced levels of monoubiquitinated FANCD2 in response to mitomycin C (MMC) ( Figure 2E and 2F, lanes 1-2), as well as higher levels of SCEs ( Figure 2G and 2H). These two abnormal phenotypes were largely corrected by re-introduction of wild-type FANCM (Figure 2E and 2F, lanes 1-3; Figure 2G and 2H), but not by FANCM-H751G or -C755G mutants ( Figure 2E and 2G). We also examined FANCM-V749G/H751G double mutant, which is defective in both Zn coordination and hydrophobic interactions; and found that it also failed to correct the two abnormal phenotypes ( Figure 2F and 2H). These data indicate that the Zn structure is critical for FANCM to promote normal activation of the FA network and suppress SCE.
Identification of the residues in MHF that are essential for its interaction with FANCM
The most conserved residues in MHF are those tracing their interface with MID (Supplementary information, Figure S2A and S2B). We mutated several such residues to determine whether they affect interactions with MID (Supplementary information, Table S2 ). Because MHF1 and MHF2 are present in two copies in the MID-MHF complex, and each copy can interact with MID, mutation of one MHF residue could affect interactions at two symmetrical locations.
For MHF1, a pairwise point mutant, A48Q/E52R, was designed to disrupt the interactions between the MHF1 A-chain and MID α3-α4, and between the MHF1 C-chain and MID β1-L2 ( Figure 3A and data not shown). This mutant protein co-immunoprecipitated with a drastically reduced level of FANCM (less than 20%), but with normal level of MHF2 when transfected into MHF1 −/− DT40 cells ( Figure 3B ). The data indicate that these MHF1 residues are important for formation of a stable MID-MHF complex, but not the MHF heterotetramer. For MHF2, the single point mutation P75Q was generated to sterically hinder the MID α2 helix as well as the residues L733 and F758 from protruding into the hydrophobic cleft between the MHF2 α3 C-terminal helices ( Figure  3C ). This mutant co-immunoprecipitated with undetectable level of FANCM, but normal level of MHF1 ( Figure  3D ), suggesting that P75 is also critical for stable association between MHF and FANCM. Combined with MID mutational data, these results suggest that MID and MHF residues within the central "core" of the MID-MHF interface (between MID L3 loop and α3 helix ( Figure 1A) ) provide crucial interactions for stabilizing the MID-MHF complex.
We have also mutated MHF2-D80 residue, which was predicted to engage in Zn coordination with MID ( Figure  1B ), as well as an intramolecular interaction with the MHF2-R52 residue (data not shown). However, while D80 mutation did disrupt MHF2-FANCM association, it also destabilized the MHF1-MHF2 complex (data not shown). We were unable to distinguish whether its effect on MHF2-FANCM association is due to disruption of Zn coordination or destabilization of the MHF complex.
Stable interaction between FANCM and MHF are required for normal activation of the FA network and suppression of SCEs
To further investigate whether interactions between MHF and FANCM through the newly identified interface are important in vivo, we examined whether MHF1-A48Q/E52R and MHF2-P75Q mutants, which are defective in FANCM association, are compromised in activatation of the FA network and suppression of SCEs. Consistent with earlier findings [14] , chicken DT40 cells inactivated of either MHF1 or MHF2 displayed reduced levels of monoubiquitinated FANCD2 in response to MMC ( Figure 3E and 3F, lanes 1-2) , as well as higher levels of SCEs ( Figure 3G and 3H, lanes 1-2). Re-introduction of wild-type version of each protein largely corrected these two abnormal phenotypes ( Figure 3E and 3F, lanes 1-4; 3G and 3H), whereas re-expression of MHF2-P75Q and MHF1-A48Q/E52R mutants was largely ineffective in correcting these phenotypes ( Figure 3E-3H ). For example, whereas wild-type MHF1 restored the ratio between monoubiquitinated and non-ubiquitinated FANCD2 from 0.37 to 1.04 (average of two independent clones, herein after the same), the MHF1-A48Q/E52R mutant restored this ratio to only 0.45, about 12% as active as the wildtype protein ( Figure 3E ). Similarly, whereas wild-type MHF1 suppressed SCE frequency of MHF1 −/− cells from 9.4 to 2.6, the MHF1-A48Q/E52R mutant suppressed the frequency to 4.5, about 30% less active than the wildtype protein ( Figure 3G ). Collectively, these data demonstrate that the interactions between MHF and FANCM through the newly identified interfaces are required for the proper function of the FANCM-MHF complex in activation of the FA network and suppression of SCEs.
One likely explanation for the above data is that normal activation of the FA network and suppression of SCEs depend on the DNA binding and remodeling activities of FANCM [10, 18] ; and these two activities are strongly stimulated by MHF [14, 19] . The various mutations above disrupt interactions between FANCM and MHF to various degrees, which likely compromise the DNA binding and remodeling activities of FANCM-MHF, leading to defective activation of the FA network and SCE suppression.
The FANCM-MHF complex is structurally and functionally independent of the CENP-T-W-S-X complex
A previous report showed that GFP-tagged FANCM localizes at centromeres, and this localization depends on MHF [22] . Because the centromere localization of MHF (CENP-S-X) depends on CENP-T-W through formation of the CENP-T-W-S-X complex [20, 25] , these findings raised a possibility that FANCM may associate with the CENP-T-W-S-X complex and mediate the assembly of kinetochores. To examine this possibility, we fitted the MID of FANCM onto the CENP-T-W-S-X heterotetramer by structural modeling, and found that the resulting MID-CENP-T/W/S/X pentamer is likely to be unstable because it cannot coordinate the structural zinc atom that is necessary for stabilization of the MID-MHF pentamer (Supplementary information, Figure S6 ). Consistent with this prediction, no CENP proteins, except MHF1 and MHF2, were detected in the complex co-immunoprecipitated with FANCM ( Figure 4A-4C) ; whereas four CENP proteins, including CENP-T, co-immunoprecipitated with MHF1 ( Figure 4A-4C ), indicating that FANCM associates with MHF but not CENP-T-W-S-X.
We found that the localization and signal intensities of an outer kinetochore protein, Ndc80, at kinetochores of FANCM −/− DT40 cells were indistinguishable compared to the wild-type cells ( Figure 4D ). This was in contrast to the earlier reports that Ndc80 exhibited reduced kinetochore localization in DT40 cells deficient in MHF1 (CENP-S), MHF2 (CENP-X) or CENP-T [20, 25] . In addition, whereas the localization of MHF1 (CENP-S) to kinetochores is reduced in CENP-T −/− and CENP-W −/− cells [23] , the knockout of FANCM had no impact on the MHF1 kinetochore localization ( Figure 4D ). Furthermore, the centromere localization of CENP-T was also unaffected in FANCM −/− cells ( Figure 4D ). Taken together with the biochemistry evidence above, these data suggest that FANCM associates only with MHF, and the resulting FANCM-MHF complex does not participate in kinetochore assembly.
Because CENP-T, along with its partner CENP-W, associates with MHF1 (CENP-S) and MHF2 (CENP-X), we studied the possibility whether CENP-T may play a role in the FA network and suppression of SCEs. We found that the level of monoubiquitinated FANCD2 in CENP-T −/− DT40 cells was indistinguishable from that of wild-type cells with or without MMC treatment (Figure 4E) , and the levels of SCEs were also comparable between wild-type and CENP-T −/− DT40 cells ( Figure  4F ). These data are in contrast to the results of DT40 cells inactivated of MHF1, MHF2 or FANCM ( Figures  2E and 2F , 3E and 3F) [7, 14] . The data indicate that, of the two MHF-containing complexes, only FANCM-MHF participates in the FA network and suppression of SCEs, whereas the CENP-T-W-S-X complex does not ( Figure  4G ). domain align with an overall root-mean-square deviation (RMSD) of 1.708 Å, suggesting that the MHF structure was remodeled upon MID binding.
We compared the distances between the identical atoms in the MHF tetramer vs MID-MHF pentamer by difference distance mapping (DDM) [26] , and found that the distances changed substantially between the heterodimers but minimally within each heterodimer. Overall, the MHF [AB] heterodimer undergoes the least changes, 0.561 Å RMSD, and was used as the basis for structural comparisons in Figure 5 .
The largest changes occur along the MHF [CD] surface directly contacted by MID: the MHF1 and MHF2 α2 helices move away by 6.9 Å and 5.5 Å, respectively, from the MID α2 helix, which traverses between the MHF heterodimers ( Figure 5A ). Lesser, yet still significant, changes occur along the MHF surface not directly contacted by MID, where the same two helices move by 1.4 Å and 4.2 Å, respectively, parallel to the other MHF heterodimer ( Figure 5B ). A kink develops upon MID binding at Cys58 of the MHF1 [CD] α2 helix ( Figure  5C ), but not at the symmetrical position in the MHF1
[AB] α2 helix ( Figure 5D ). Together, these data show that MID binding results in both allosteric and asymmetric remodeling of the MHF tetramer.
It should be mentioned that in the study by Tao et al. [22] , MHF without and with MID aligned with an overall RMSD of 0.87 Å, which is smaller than 1.708 Å observed in the current study. We compared their data with ours and found that the structures of MID-MHF complexes are identical in both studies, whereas the structures of MHF tetramer are slightly different despite that each MHF1-MHF2 dimers are superimposable. The different MHF crystal structures may be due to the intrinsic flexibility of the heterotetramer.
MID alters the number of positive charges and allosteric structures in the MHF DNA-binding surfaces to favor branched DNA
Previous structural studies suggested that the DNAbinding surface of MHF is a positively charged electrostatic surface similar to that in histone H3-H4 tetramer, and mutations of these charged residues decrease the DNA-binding activity of MHF [20, 22] . Tao et al. [22] also suggested that the binding of MHF by MID creates a new DNA-binding surface consisting of positively charged residues from both proteins, and that MID increased the positive charges in one area of the surface, but decreased them in another area [22] .
To identify residues in MHF or MID-MHF that bind DNA, we generated models for each dsDNA-bound complex by superimposing the MHF tetramer onto the DNA-bound nucleosome structure of the histone H3-H4 tetramer (PDB ID: 3AFA, Figure 6A ). We also compared surface electrostatic maps generated for MHF and MID-MHF structures and identified additional potential DNA contacts (Figure 6A-6E ; Supplementary information, Figures S2 and S3) . Most of the residues identified match those previously suggested to contact DNA [20] [21] [22] , including many positively charged residues on MHF1-MHF2 tetramer, at the C-terminal tail of MHF1, and a cluster from MID ( Figure 6A ). However, our model predicts that T76 of MHF1 and R695 of FANCM may also interact with DNA.
Notably, we found that MID changed the electrostatic surfaces along the predicted α1α1 DNA-binding surface of the MHF heterotetramer ( Figure 6B ). Figure S8A and S8B), compared to MHF alone that favors dsDNA as reported previously [14] ( Figure 6F and 6G, left panels; Supplementary information, Figure S8C , S8D). These data support our hypothesis that MID remodels MHF structure to favor branched DNA.
Conserved lysine and arginine clusters from both MID and MHF contribute to binding of the MID-MHF complex to HJ DNA
The previous studies have used dsDNA-based binding assays to confirm the importance of the predicted DNA-interacting residues in MHF or MID-MHF [20, 22] . Because biochemistry and genetic data have suggested that branched DNA is the physiological substrate that FANCM-MHF binds and models [8, 9, 11, 14, 15] , we used the HJ DNA as a substrate to test binding by recombinant MID-MHF complexes carrying substitutions of various positively charged residues at the predicted DNA-binding surfaces. Largely consistent with previous results from dsDNA-based assays [20, 22] , all tested variants displayed either reduced binding activity or altered mobility in gel-shift assays ( Figure 7A -7C, and Supplementary information, Figure S7 ). These data indicate that the identified surfaces from both MHF and MID are important for binding to HJ DNA in vitro.
The integrity of the DNA-binding surfaces of MID-MHF is required for normal activation of the FA network and suppression of SCEs
To study the importance of the newly identified DNAbinding surface of MID-MHF, we introduced several DNA-binding point mutants of each protein ( Figure  7D -7G) into their respective knockout chicken DT40 cells. While the wild-type version of each protein fully restored the defective FANCD2 monoubiquitination and suppressed the higher level of SCEs, the MHF1-R70A mutant, which showed severe deficiency in DNA binding ( Figure 7B ), was completely defective in FANCD2 monoubiquitination ( Figure 7D ) and partially defective in suppression of SCES ( Figure 7E ). In addition, both MHF2-K27A/K29A and FANCM-R693A/R695A double mutants, which showed less severe DNA-binding deficiency ( Figure 7A and 7C), were partially deficient in suppression of SCEs ( Figure 7F and 7G). These data suggest the newly identified DNA interface is important for FANCM-MHF to promote activation of the FA network and protect genome integrity. We noticed that the FANCM-R693A/R695A mutant suppressed the SCE frequency from 15. 7G), which is about 85% as active as the wild-type protein (that suppressed SCE frequency from 15.9 to 2.4). In contrast, the MHF1-R70A and MHF2-K27A/R29A mutant are more defective -about 75% and 40% as active as their respective wild-type proteins in SCE suppression (the two mutants suppressed SCE from 9.4 to 4.3 or from 9.1 to 6.7; whereas the wild-type proteins suppressed SCE from 9.4 to 2.6 and from 9.1 to 2.9, respectively) ( Figure 7E and 7F) . The data imply that the positively charged residues at the composite DNA-binding surface of MID-MHF contribute unevenly with regard to function of FANCM-MHF: the residues contributed by MID may be less important than those by MHF1 and MHF2. These results are consistent with our earlier findings that the DNA-binding activity of MHF is required for normal activation of the FA network and SCE suppression [14] .
Discussion
MHF is remodeled by FANCM to favor branched DNA over dsDNA
The FANCM-MHF complex remodels branched DNA, but how the two proteins work together to recognize their substrate is unclear. An earlier model proposed that the two proteins cooperatively bind different parts of a branched DNA: FANCM at the branch point and MHF at the surrounding duplex regions [14] (Supplementary information, Figure S9A ). Here, we show that MID asymmetrically remodels the DNA-binding surface of MHF in both electrostatic surface potential and allosteric structure. Specifically, MID increased the net surface positive charges along the MHF [CD] α1α1 DNAbinding surface, occluded all surface positive charges along the MHF [AB] α1α1 DNA-binding surface, and distorted the structure of the surface. These alterations are expected to strengthen dsDNA binding in one area, but disrupt it in another, leading to an overall negative effect on dsDNA binding. Consistent with this prediction, the MID-MHF complex has lower binding activity for dsDNA than MHF alone, but higher binding activity for branched DNA over dsDNA. This is in contrast to MHF alone, which shows the opposite preference. These data thus favor an alternative model for recognition of branched DNA by FANCM-MHF (Supplementary information, Figure S9B ), both the FANCM-helicase domain and the remodeled MID-MHF complex may bind the DNA branch point; and this binding is likely to be cooperative, as MHF can strongly enhance binding and remodeling activity of FANCM for branched DNA [14] . This model is supported by findings that point mutations at the composite DNA-binding surface from either protein weakened the binding activity of MID-MHF for a branched DNA substrate. It is also in agreement with the evidence that these mutations impaired the ability of FANCM-MHF to promote FANCD2 monoubiquitination, or to suppress SCEs, or both.
Remodeling of MHF by FANCM excludes it from association with the centromere complex
MHF is shared by two complexes with distinct functions: FANCM-MHF in DNA repair and CENP-T-S-W-X at centromeres. A study in yeast suggested that the two functions of MHF are distinct, and only the DNA repair function depends on FANCM [27] . However, a study in human cells revealed that GFP-tagged FANCM localizes at centromeres, and this localization depends on MHF [22] . Because the centromere localization of MHF (CENP-S-X) depends on CENP-T-W [25] , these data imply that FANCM may associate with CENP-T/ W/S/X to mediate kinetochore assembly in human cells. Nevertheless, our structural modeling and experiments disfavor this hypothesis. First, FANCM has no detectable association with any CENP proteins other than MHF1 and MHF2. Second, FANCM-deficient cells have no detectable defects in kinetochore assembly. Third, CENP-T-deficient cells exhibit normal activation of FA network and SCE suppression. Fourth, CENP-T/W/S/X lacks residues necessary to coordinate the intermolecular zinc atom with FANCM, which is important for stabilizing the FANCM-MHF complex. Our data support a scenario in which FANCM and CENP-T/W compete for a common pool of MHF to form two mutually exclusive complexes: the FANCM-MHF pentamer that excludes association with CENP-T/W and the CENP-T/W/S/X heterotetramer that cannot be stably bound by FANCM. This scenario may resemble the histone-fold-containing TAF complex that is also shared by multiple complexes (TFIID, SAGA and PCAF) [28] . We speculate that evolution may favor this scenario because existence of two separate complexes allows each one to evolve more efficiently to perform its specialized functions, which may be more advantageous than the presence of a single complex (FANCM-CENP-T/W/S/X) that does both jobs.
Remodeling of histone-fold complexes may create diversity in their DNA-binding affinity and specificity
Histone-fold complexes typically bind dsDNA and are often components of a variety of multiprotein complexes involved in DNA metabolism (nucleosomes, TFIID and FANCM-MHF), histone modification (SAGA, PCAF) [28] and kinetochore assembly (CENP-T-W-S-X). It is known that nucleosome structures are subject to covalent and non-covalent modifications by a variety of remodeling complexes. These modifications can weaken DNA-histone interactions and produce altered or disassembled nucleosomes [29] , which are subsequently recognized by other factors in transcription, replication and repair. In another case, a hsitone-fold-containing TAF complex in TFIID is altered by association with the TATA boxbinding protein, TBP; and the resulting TFIID complex binds and bends dsDNA to allow assembly of transcription initiation complex [30] . Our findings that MHF is remodeled by FANCM represent a third scenario, in which a hsitone-fold complex is altered by its partner to favor branched DNA rather than dsDNA. We propose that MHF and other hsitone-fold complexes, such as nucleosomes, may have dynamic structures that can be readily adapted by their partners to create composite surfaces with altered DNA affinity or specificity to interact with biologically unique DNA structures generated during DNA metabolism.
While our manuscript was under revision, Zhao et al. [31] reported crystal structures of MHF-DNA complexes, and proposed a model that MHF prefers branched DNA over dsDNA. In contrast, we find that MHF prefers normal dsDNA both in this study and in an earlier publication [14] . This discrepancy might be due to different experimental conditions such as salt concentrations. Zhao et al. [31] used 150 mM KCl, whereas we used either phosphate saline [14] or 60 mM KCl (this study). Consistent with this notion, a previous study by several Zhao's colleagues [19] showed that the DNA preference of MHF appears to be affected by salt and protein concentrations. HJ DNA is preferred at 150 mM KCl; but at 100 mM KCl, the preference appears to change from HJ DNA to dsDNA when MHF protein concentration was increased [19] . Regardless of the discrepancy on MHF alone, Zhao et al. [31] showed that MID strongly stimulates binding of MHF to branched DNA, which is consistent with our finding that MID can remodel MHF structure to favor branched DNA.
Materials and Methods
Construct design, expression and purification
A bicistronic vector for co-expression of GST-tagged fulllength human MHF1 (1-138 aa) and 6× HIS-tagged full-length human MHF2 (1-81 aa) in E. coli was generated by cloning MHF1 cDNA into the BamHI/XhoI sites and MHF2 cDNA into NdeI/NotI sites of pGEX-BICIS-HIS [32] . For crystallization, MHF1 was truncated at residue R110. Human FANCM-MID (653-800) was cloned into pMBP-Parallel-1 based on pMal-C2 donating an N-terminal 6× HIS-MBP fusion tag. This construct was subsequently N-terminally truncated to FANCM-MID 669-800 for crystallization. Mutations and truncations were introduced into the above constructs by site-directed mutagenesis. MHF or MID-MHF constructs were transformed into BL21 (DE3) E. coli cells and grown at 30 °C until the OD 600 reading reached 0.6.
Protein expression was induced with 1 mM IPTG and cells were grown for 3 h prior to harvesting. MHF and MID-MHF-expressing cells were lysed in 50 mM sodium phosphate buffer, pH 8.0, containing 300 mM NaCl, 10% glycerol and lysozyme, protease inhibitors, MgCl 2 , DNase and RNase. MHF alone was purified by Ni-Agarose and GST-Sepharose IMAC, and eluted with gradients of imidazole and glutathione sepharose, respectively. Both the 6× HIS-and GST-fusion tags were removed by incubation with thrombin overnight at 30 °C. MID-MHF was purified first by amylose resin and eluted with a maltose gradient, followed by MHF pruification as described above. The MBP-fusion tag was removed by incubation with TEV overnight at 4 °C. All samples were purified by size exclusion chromatography (Superdex 200 HR). Crystallization samples were prepared in 25 mM Tris, pH 7.5, 100 mM NaCl at 20-40 mg/ml.
Circular dichroism
Circular dichroism spectra were collected on a JASCO J-415 Spectrometer at the Biochemistry Core Facility, National Heart Lung and Blood Institute, National Institutes of Health. Spectra were collected at 222 nm between 5-90 °C every 0.5 °C. % Denatured was calculated as
Crystallization, data collection and refinement of MHF and MID-MHF complexes
Crystals of MHF (MHF1 1-110 and MHF2) and MID-MHF complexes were grown by sitting drop vapor diffusion at 295 K. Crystals, long-and thin-rod clusters, were initially grown in the sparse screen Wizard I (Emerald Bio) condition #28 containing 0.1 M Hepes, pH 7.5, 0.2 M NaCl, and 20% w/v PEG 3000. These crystals were optimized through generation of a seed stock from the original crystals that was used to seed into additional sparse matrix screens. The final conditions included 0.1 M Tris-HCl, pH 7.8, 0.2 M LiCl, 0.1 M Na 2 SO 4 and 17.5% w/v PEG 3350. Crystals were cryoprotected in 10% glycerol and flash-frozen in liquid nitrogen. All datasets were collected at the advanced proton source (APS) beamline 23-ID-B equipped with a MAR 300 CCD detector. Diffraction data were reduced and scaled with XDS/XSCALE [33] [34] [35] . The MHF structure was solved by molecular replacement using PDB ID: 1TAF and the MID-MHF structure was solved with the previously solved MHF structure. All structures were refined using iterative cycles of TLS and restrained refinement with REFMAC5 [36] , part of the CCP4 program suite [37] , and model building was performed using the Crystallographic ObjectOriented Toolkit (Coot) [38] . All structures were validated using Molprobity [39] prior to deposition in the Protein Data Bank [40, 41] . Diffraction data and refinement statistics are listed for each structure (Supplementary information, Table S1 ).
Zinc analysis by the atomic absorption spectrometry
MHF and MID-MHF complexes were dialyzed against 12.5 mM Tris-HCl, pH 7.5, 50 mM NaCl. The dialyzed buffer was used to determine the background of ''Zn''. All proteins were diluted with 1% nitric acid as ''1/50'' and ''1/10''. Diluted protein solutions were boiled for 10 min to extract ''Zn'' and centrifuged to remove any precipitants. The supernatant of each sample was transferred to a fresh tube and ''Zn'' concentration was measured by a Perkin Elmer model 4100ZL atomic absorption spectrometer. All measurements were done as triplicate for each sample and results were averaged of triplicate analyses. DT40 cells and the antibodies against MHF1, MHF2, FANCM,  FANCD2, FANCA, FAAP24 , BLM, Actin and BAF57 have been previously described [14] . MHF2(CENP-X) −/− DT40 cells has been previously described [25] . CENP-T conditional knockout DT40 cells and anti-chicken CENP-S [25] , CENP-T [23] , and Ndc80 [42] antibodies have been previously described. Anti-Flag and anti-Flag M2 agarose beads were purchased from Sigma. Anti-CENP-K antibody was purchased from Abcam. Anti-human CENP-T antibody was purchased from Bethyl Laboratories, Inc.
Cell lines and antibodies
Cell extraction, fractionation, gel filtration, immunoprecipitation and protein identification
Preparation of whole-cell extract, cell fractionation, Superose 6 gel filtration and immunoprecipitation were performed as described [14] , except using both microcococcal nuclease and DNase I (2 U/ µl) to treat the nuclear pellets. The eluted immunoprecipitates were subjected to mass spectrometry analyses for protein identification.
Plasmid construction, transfection and immunoblotting
pcDNA-Flag-MID was constructed by cloning a cDNA fragment of human FANCM (661-800 aa) with a Flag tag at its N-terminus into the NheI and BamHI sites of pcDNA3.1. Various pcDNA-Flag-MID point mutants were generated by using the QuikChange kit (Stratagene). These constructed plasmids were transiently expressed in HEK293 cells, respectively. Cell extraction and immunoprecipitation with anti-Flag M2 agarose beads were performed as described [14] . The presence of various versions of MID, MHF1 and MHF2 was detected by immunoblotting.
Complementation, SCE and FANCD2 analyses
To perform complementation analysis, pcDNA3.1-Zeocin expression plasmid carrying wild type or mutants of chicken FANCM, Flag-tagged human MHF1 or Flag-tagged human MHF2 was transfected into FANCM −/− DT40 cells, MHF1 −/− DT40 cells or MHF2 −/− DT40 cells. In total, 0.5 mg/ml Zeocin was used for selection. Western blotting was performed to select the clones that stably express protein. The measurement of SCE and FANCD2 levels in various DT40 cells were performed as described [14] .
Electrophoretic mobility shift assay (EMSA)
The indicated amounts of proteins were incubated with 1 nM of digoxigenin-labeled DNA substrates in 25 mM Tris-HCl, pH 7.5, 60 mM KCl, 5% glycerol, 2 mM MgCl 2 for 15 min at room temperature. The reactions were loaded on 4%-12% TBE gel (Invitrogen) and run in 0.5× TBE at 4 °C. Labeled DNA products were visualized by using DIG Wash and Block Buffer Set (Roche). The dsDNA substrate was generated by annealing oligo 1 and its complement (oligo 5). The HJ DNA substrate was generated by combining oligo 1, oligo 2, oligo 3 and oligo 4, as described [32] . Oligo 1 was labeled with digoxigenin at its 3′-end. The sequence of each oligo is listed below: Oligo 1: 5′-GTGACCGTCTC-CGGGAGCTGGAAACGCGCGAGACGAAAGG-3′; Oligo 2: 5′-CCTTTCGTCTCGCGCGTTTCGCCAGCCCCGACACCC-GCCA-3′; Oligo 3: 5′-TGGCGGGTGTCGGGGCTGGCCGC-
